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Introduction

To make an effective vaccine, one of the common objectives 
has been the generation of high affinity, protective antibodies 
which, in the case of HIV, are cross-clade reactive and have neu-
tralizing capacity.1,2 While much focus has been placed on serum 
antibody analysis in the development of HIV vaccines, little 
research has been done on evaluating the robustness of germinal 
center (GC) development with different vaccination approaches. 
The GC reaction or GC response represents the rapid clonal 
expansion of antigen-specific B cells, and typically peaks 2 wk 
following initial exposure to antigen. Within the GC, activated 
antigen-specific B cells undergo rapid proliferation, isotype class 
switching, somatic hypermutation and affinity maturation.3-5 
GC B cells express standard B cell markers such as B220, but 
also upregulate activation markers such as GL7 and glycoproteins 
that bind Peanut Agglutinin (PNA).3-5 GC B cells express high 
levels of the transcription factor BCL6, and BCL6 is required 
for formation of GCs.3-5 Additionally, GC B cells express high 
levels of Fas, since the majority of GC B cells die and are highly 
susceptible to apoptosis.3-5 Follicular helper T (TFH) cells are 
a special subset of T helper (T

h
) cells that are indispensable for 

the GC reaction.6,7 TFH cells are CD4+ T cells that express the 
chemokine receptor CXCR5, which allows for their localization 
within the GC.6,7 TFH cells also express the T cell activation 
markers ICOS and PD-1, and like GC B cells, also require BCL6 

for their development.6,7 The GC leads to the development of 
plasma cells, which secrete high affinity antibodies, and also 
promotes the formation of memory B cells.3-5 The GC has been 
shown to peak earlier in a secondary response than after a pri-
mary immunization,8 but nothing is known about the kinetics of 
the TFH response and the GC reaction with vaccines that require 
repeated immunizations. Since GC responses lead to high affin-
ity antibody production and the formation of memory B cells, it 
is critical to study the development of TFH cells and GCs to gain 
insights into effective HIV vaccine strategies.

Currently, heterologous prime-boost vaccination strategies 
employing a DNA priming component are making headways 
in different disease fields, such as HIV, influenza, malaria, and 
tuberculosis.9-12 Previously, we have shown mice immunized with 
a DNA vector encoding the gp120 form of the HIV-1 envelope 
glycoprotein, followed by injection of recombinant gp120 pro-
tein, yield antibodies with higher specificity and avidity than 
either vaccine alone, and, more importantly, develop improved 
neutralizing antibodies against primary viral isolates.13-15 Because 
TFH cells are crucial for the development of plasma cells secret-
ing mutated high affinity antibody from the GC, we hypoth-
esized DNA priming causes more TFH cell differentiation, 
thereby triggering a more robust GC response. To test this, we 
utilized a gp120 DNA prime and gp120 protein boost vaccina-
tion scheme. Compared with protein priming, DNA priming 
resulted in TFH cells which were elevated earlier in the immune 
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The importance of follicular T helper (TFH) cells and the germinal center (GC) reaction in the humoral immune 
response has become clear in recent years, however the role of TFH cells and the GC in an HIV vaccine strategy remains 
unclear. In this study, we primed mice with gp120-encoding DNA and boosted with gp120 protein, a regimen previously 
shown to induce high titers of high affinity and cross-reactive anti-gp120 Abs. Priming with gp120 DNA caused increased 
TFH cell differentiation, GC B cells, and antigen-specific antibody titers, compared with priming with gp120 protein. Prim-
ing with DNA also caused more activated CD4+ T cells to become TFH cells and more GC B cells to become memory cells. 
Deletion of BCL6 midway through the vaccine regimen resulted in loss of TFH cells and GCs, and, unexpectedly, increased 
anti-gp120 IgG titers and avidity. Our data suggests vaccination with gp120-encoding DNA elicits a stronger and more 
rapid TFH and GC response than gp120 protein. Furthermore, we demonstrate that the GC reaction may actually limit 
antigen-specific IgG secretion in the context of repeated immunizations.
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response and GC B cells that were significantly increased across 
all time points, suggesting DNA priming preferentially affected 
the differentiation of GC B and memory B cells.

Additionally, we utilized a novel conditional BCL6 knockout 
mouse system, where BCL6 can be deleted with Tamoxifen treat-
ment after the start of the immunization regimen, to block GC 
formation. We found that loss of the ability to form GCs dur-
ing the priming phase, paradoxically leads to a greater antibody 
response. Together, our data show a complex role for the GC 
reaction in producing high titer antibodies after immunization 
with an HIV vaccine preparation.

Results

Immunization with gp120-encoding DNA yields a stronger 
GC response than gp120 protein

To test the hypothesis that gp120-encoding DNA triggers 
stronger GC responses than gp120 protein alone, C57BL/6 mice 
were injected i.m. with either gp120-encoding DNA, gp120 pro-
tein, or empty vector DNA, 3 times, 2 wk apart (Fig. 1). This 
experimental design was based on our previous HIV-1 gp120 
immunogenicity studies.13-15 Traditionally, GC responses tend 
to peak between day 7 and 10 of the immune response. In our 
initial experiments with this gp120 immunization scheme, we 
looked at these time points, only to find little evidence of an 
active GC (data not shown). Also, to our knowledge, no data 
has been published demonstrating the kinetics of TFH cell dif-
ferentiation with repeated immunizations. Therefore, to deter-
mine the optimal time to analyze mice given multiple injections, 
we immunized C57BL/6 mice i.m. with sheep red blood cells 
(SRBC) 3 times, 2 wk apart and sacrificed them at different times 
afterward. Our data showed GC B cells and TFH cells peaking 
earlier, on day 3, after final injections (Fig. S1). Therefore, we 
chose to analyze mice for the following experiments on days 3 
and 7 after final injections.

With this information in mind, we then examined TFH 
cells and GC B cells after just the priming phase of the immu-
nization scheme (Fig. 1). Mice which received gp120-encoding 
DNA had increased TFH cells and significantly more GC B 
cells in the spleen 3 d after the last priming injections (Fig. 2A 

and B). However, the increase in TFH cells was not signifi-
cant, and by day 7 after the last priming injections, the num-
bers of TFH cells in mice primed with DNA equaled that of 
mice primed with gp120 protein. When absolute numbers of 
TFH cells and GC B cells were analyzed, similar trends were 
observed, and the increased frequency of GC B cells correlated 
with an increase in absolute numbers of GC B cells (Fig. S2). 
Antibody analysis revealed priming with gp120 DNA induced 
significantly higher antigen-specific IgG titers, both 3 and 7 
d after final injections (day 28; Fig. 2C). The avidity of these 
antibodies was somewhat higher on day 3 with gp120 DNA 
priming (Fig.  2D). This data demonstrates priming with 
gp120 DNA alone, without booster injections, already triggers 
more robust GC responses and antigen-specific IgG produc-
tion than does gp120 protein.

Priming with gp120-encoding DNA enhances GCs and 
the proportion of TFH cells in spleen

After initially priming with gp120-encoding DNA, gp120 
protein, or empty vector DNA, all groups were rested for 4 wk, 
then received 2 gp120 protein booster immunizations, 2 wk apart 
(Fig. 1). TFH cells from spleen were elevated in mice receiving 
gp120 DNA 3 d after the final injections, but tapered off by day 
7 (Fig. 3A and B). GC B cell populations, however, remained 
significantly higher in mice primed with gp120 DNA on both 
day 3 and 7 after final immunizations (Fig. 3A and B). After 
boosting, the increase in TFH cells in mice receiving DNA prim-
ing was not significant, and again, by day 7 after the last priming 
injections, the numbers of TFH cells in mice primed with DNA 
equaled that of mice primed with gp120 protein. The absolute 
numbers of TFH cells and GC B cells showed similar trends, and 
as with analysis after the priming phase (Fig. 2), the increased 
frequency of GC B cells (Fig. 3) correlated with an increase in 
absolute numbers of GC B cells (Fig. S1). This data demonstrates 
the advantage of priming with gp120 DNA rather than protein, 
as GC cell populations were increased and arose earlier in the 
immune response.

When effector memory (EM) CD4+ T cells were analyzed in 
the spleen of these mice, no significant differences were seen on 
either day 3 or 7 after final immunization (Fig. 3C). TFH cells 
are activated T

h
 cells, and are found in the EM population of 

CD44+ CD62L− cells. Therefore, we analyzed the proportion of 
TFH cells within this EM population. On day 3, the proportion 
of TFH cells within the EM population was significantly higher 
with gp120 DNA priming than with protein alone (Fig.  3D). 
By day 7, however, the proportion of TFH cells from gp120 
protein priming caught up to the levels from gp120 DNA prim-
ing. Therefore, after boosting with gp120 protein, mice primed 
with DNA showed a clear advantage in TFH and GC B cell 
development.

Priming with gp120 DNA improves GC activity
Like EM T cells, neither priming method yielded signifi-

cantly higher percentages of splenic memory B cells (Fig. 4A). 
Therefore, we were interested in what percentage of these mem-
ory cells were of GC origin. Recent literature has shown CD73 
to be an accurate marker for determining such cells.16 When the 
fraction of memory B cells of GC origin was examined, we saw 

Figure 1. Experimental design for testing DNA vs. protein priming. C57BL/6 
mice were primed i.m. with either gp120-encoding DNA, gp120 protein, or 
empty vector, 3 times, 2 wk apart. Some mice were sacrificed (S) 3 and 7 d 
after final priming injections. The remaining mice were rested for 4 wk, then 
all groups were given 2 booster injections of gp120 protein, 2 wk apart. Mice 
were then sacrificed 3 and 7 d after the final boosters.
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significantly higher percentages with gp120 DNA priming both 
3 and 7 d after final immunization (Fig.  4B). Titers of anti-
gp120 IgG with DNA priming were significantly higher 3 d 
after final immunizations, as was the avidity (Fig. 4D and E). 
Antibody titers broadly correlate with the level of TFH and GC 
activity when individual mice are analyzed (Fig.  S4), however 
this association is not as strong as the differences in TFH and 
GC B cells between types of immunizations. It was not until day 
7 that the antibodies of mice primed with gp120 protein equaled 
the levels seen in gp120 DNA mice. Not only was the function-
ality of these B cells increased with gp120 DNA priming, but, 
again, the increase in antibody secretion and affinity maturation 
occurred earlier.

While analyzing memory B cell populations, we observed a 
decrease in this cell population from day 3 to day 7, even though 
the memory cells of GC origin expanded during the same period 
with both immunization methods. Therefore, we utilized the 
surface markers CD38 and GL7 to differentiate memory B cells 
(MB: CD38+ GL7−) from transitional B cells (TB: CD38+ GL7+) 
(Fig. 4C, flow plots). ln terms of B cell kinetics, it was interesting 
to observe that regardless of which priming method was used, 
B cells seem to be differentiating out of a memory B cell phe-
notype into a transitional cell state between days 3 and 7, while 
memory cells of GC origin retain their phenotype and prolifer-
ate. Thus, while not increasing overall memory B cell numbers, 
priming with gp120 DNA significantly increased the percentage 
of memory cells of GC origin. Furthermore, in the context of 
repeated immunizations, between days 3 and 7, memory B cells 
in all mice decreased, while those with a transitional cell pheno-
type increased, demonstrating a transition from a memory to a 
more active cell state.

Deletion of BCL6 results in a significant increase of gp120-
specific IgG

Previously, we have generated a mouse wherein exons 7 – 9 of 
the BCL6 gene are flanked with loxP recombination sites (BCL6fl/

f l) (Fig. S2A).17 In this study we created a new conditional knock-
out mouse model in which BCL6fl/fl mice were mated to mice 
expressing a Cre recombinase fused to a human estrogen recep-
tor (Cre-ERT2). Under control of the estrogen receptor, we can 
functionally delete BCL6 by administering the estrogen homolog 
Tamoxifen to these mice. The cre-ER fusion protein resides in 
the cytoplasm of cells and unable to delete BCL6, but addition of 
Tamoxifen will cause translocation of the cre-ER protein into the 
nucleus where it can cause recombination of BCL6 DNA. This 
ER-cre system has been used in other conditional knockout sys-
tems to study the immune response.18,19 As in the initial experi-
ments, mice were primed with either gp120-encoding DNA or 
gp120 protein, 3 times, 2 wk apart (Fig.  5). During the 4-wk 
rest period, half of the mice received i.p. injections of tamoxifen 
every day, for 5 d. Twelve days after the final tamoxifen injection, 
mice were given the first of 2 gp120 protein booster injections. 
Administration of tamoxifen effectively and functionally deleted 
BCL6 from mice (Fig. S2B). Since the most drastic changes in 
GC dynamics were seen 3 d after final immunizations in our ear-
lier studies, we chose this time point to analyze these mice. Once 
again, gp120 DNA triggered significantly higher TFH and GC 
B cell populations in the spleen of mice not treated with tamox-
ifen (Fig.  6A and B). As expected, deletion of BCL6 severely 
and significantly reduced the TFH and GC B cell populations 
(Fig. 6A and B). Surprisingly, deletion of GCs led to an increase 
in gp120-specific IgG, (Fig.  6C). Priming with gp120 DNA, 
followed by functional deletion of BCL6 significantly enhanced 

Figure 2. Increased germinal center activity after gp120 DNA priming. Mice were immunized according to Figure 1 and sacrificed 3 and 7 d after final 
priming immunizations. (A) TFH and GC B cell populations after priming only. TFH cells gated on CD4+ CXCR5+ ICOS+ PD-1hi. GC B cells gated on B220+ Fas+ 
PNA+ GL7+. n = 3. Percent of total spleen; mean ± SE. (B) Representative flow plots of TFH cells and GC B cells in (A) from day 3 after final immunization. 
(C) Serum anti-gp120-specific IgG titers after prime only. n = 3. D) Avidity of gp120-specific IgG antibodies after priming only. n = 3; mean ± SE *P < 0.05, 
**P < 0.01, ***P < 0.001. Representative of 2 experiments.
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antigen-specific IgG titers compared with all other groups. 
Furthermore, the avidity of these antibodies was increased as 
well (Fig. 6D). Treatment of control mice with Tamoxifen did 
not affect antibody titers or avidity, however, Tamoxifen-treated 
mice showed a non-significant trend toward higher GC and TFH 
responses (Fig. S6). This data verifies the necessity of BCL6 for 
GC development, while demonstrating the dispensability of 
these structures for antibody secretion and affinity maturation in 
the context of repeated immunizations.

Discussion

While a number of research publications have shown the 
protective advantage of incorporating a DNA priming step into 
heterologous prime-boost vaccination strategies, few studies have 
looked into the mechanism by which DNA priming affords this 
advantage. Furthermore, almost nothing is known about the 

role of the TFH cell and the GC response in prime-
boost vaccination. Here we demonstrate, using an 
HIV gp120 vaccine scheme, priming with gp120-
encoding DNA yields increased TFH and GC B cell 
populations compared with priming with gp120 pro-
tein. Furthermore, this increase occurs at an earlier 
time-point after immunization. The early antibody 
response afforded by DNA priming was seen after 
the priming phase as well as following the boost 
injections. While literature exists explaining the 
possible different mechanisms of antigen processing 
and presentation with plasmid vector vaccines,12,20 it 
is not yet clear how the protein from these plasmids 
affords an advantage.

Human trials of HIV-1 DNA vaccines consist-
ing only of injections of HIV-1-encoding DNA (i.e., 
not prime-boost approaches) have been disappoint-
ing for eliciting the production of antibodies.9,21 
More recently, several prime-boost HIV-1 vaccines 
have been tested in humans that use a pure DNA 
component as well as protein, and these systems 
have succeeded in provoking a significant antibody 
response.22-25 Studies with cancer vaccines in humans 
have also supported the utility of DNA priming in 
a prime-boost system.25 Thus, understanding how 
DNA priming can augment immunity in a prime-
boost vaccination system is warranted.

Memory cell development is considered criti-
cal for an effective vaccine. We found no apparent 
increase in memory T cell populations after DNA 
priming, however, when looking at the proportion 
of effector T

h
 cells which are TFH cells, we saw that 

gp120 DNA priming leads to more activated CD4+ 
T cells becoming TFH cells, rather than other T

h
 cell 

subsets. For B cells, priming with DNA effectively 
enhanced GC memory B cell outcomes, in this case 
by triggering the development of more CD73+ mem-
ory B cells derived from the GC. This data, com-

bined with the earlier peak in antigen-specific IgG, would suggest 
that priming with gp120 DNA not only triggers more memory 
B cell development from GCs, but that those memory cells can 
undergo affinity maturation and differentiate into plasma cells 
more quickly than with protein priming. The decrease in mem-
ory B cell populations between days 3 and 7, and the concurrent 
increase in transitional cells (Fig. 4), shows an interesting trend 
in terms of B cell kinetics. It would be worthwhile to investigate 
how repeated immunizations affect the timing of this cell transi-
tion; perhaps the increased number of immunizations is decreas-
ing the time necessary to make this transition.

To investigate the necessity of GCs in the context of repeated 
immunizations, our inducible Cre mouse model allowed us to 
delete BCL6, the master transcription factor for GCs, after prim-
ing the mice. Our data suggests that once memory B cells are 
formed in the priming stage, further formation of GCs actually 
limits the antibody production of antigen-specific IgG-secreting 
B cells. Since, we observed more memory B cells of GC origin 

Figure  3. Enhanced GC B cells and TFH cell proportions with gp120 DNA priming. 
Mice were immunized as in Figure 1 and sacrificed 3 (day 73) and 7 (day 77) d after 
final gp120 protein booster injections (day 70). (A) TFH and GC B cell populations after 
prime-boost regimen. Cells gated as in Figure 1. Percent of total spleen. n = 3 – 6; mean 
± SE **P < 0.01, ***P < 0.001 (B) Representative flow plots of TFH cells and GC B cells 
in (A) from day 3 after final protein booster. (C) Percent effector memory T cells (CD3+ 
CD4+ CD44hi CD62L-) in gp120 DNA and protein primed mice after protein boosters. 
Percent of Th cells (CD3+ CD4+). n = 5 – 6; mean ± SE. (D) Ratio of TFH to effector memory 
cells. n = 5 – 6; mean ± SE ***P < 0.001 by t test. Representative of 3 experiments.
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developing with gp120 DNA priming (Fig. 4B), we reason that 
during protein booster injections, forming GCs limits the anti-
body-secreting potential of these memory cells, as they appear to 
be better able to differentiate into antibody-secreting plasma cells 
independent of the constrains of the GC. How these memory 
cells undergo additional affinity maturation, as evident by their 
increased avidity, outside the GC is not understood at this time. 
It is possible these B cells are interacting with helper T cells out-
side the B cell follicle.

These results have highly significant implications for the field 
of B cell immunology, HIV-1 vaccine development and 
AIDS therapy. When and where B cells can undergo 
affinity maturation needs to be fully understood to 
design an optimal immunization schedule that elicits 
high affinity, broadly neutralizing antibodies by a pro-
phylactic HIV-1 vaccine. Further studies are warranted 
to determine how much of a role repeated immuniza-
tions play in extra-follicular antibody development. 
At what point GCs are no longer needed to develop 
antigen-specific antibodies with high avidity is of great 
importance to the vaccine field. Our findings also have 
potential impact for the design of immune therapy strat-
egies for HIV-1 infected people. Published works have 
demonstrated TFH cells as being a major target and 
reservoir for HIV-1 (26,27,28). Therefore, it is undesirable 
to stimulate these cells when treating infected patients. 
However, if there is a way to trigger high-affinity anti-
body production without involving TFH cells, patients 

could increase their antibody-mediated protection without acti-
vating the production of new virus from TFH cells.

One shortcoming of the study is that because mice do not 
produce enough serum to adequately perform a full array of 
HIV-1 neutralization tests, we were not able to determine if 
the mice given the prime-boost gp120 immunization regimen 
actually developed broadly neutralizing anti-HIV antibodies. 
Additionally, how our study of TFH cells and GC B cells in mice 
with prime-boost gp120 immunization relates to vaccination of 
humans against HIV-1 gp120 is not clear. However, currently 

Figure 4. Priming with gp120-encoding DNA improves germinal center activity. Mice were immunized and sacrificed as in Figure 3. (A) Memory B cells 
(gated as CD19+ IgD- GL7- CD38+) in mice primed with gp120-encoding DNA or gp120 protein. Percent of total spleen. n = 4 – 6; mean ± SE (B) Memory 
B cells originating from the GC. Gated as CD19+ IgD- GL7- CD38+ CD73+. The CD73+ B cells are shown as a percentage of the memory B cell population. 
n = 4 – 6; mean ± SE *P < 0.05, **P < 0.01 by t test. (C) Transitional B cells (gated on CD19+ IgD- GL7+ CD38+); percent of total spleen. n = 4 – 6; mean ± SE. 
Representative flow plots of day 3 and day 7 from mice primed with gp120 DNA. Quadrants show memory B cells (MB; top left) and transitional B cells 
(TB; top right). (D) Serum anti-gp120-specific IgG titers after boosting. mean ± SE. E) Avidity of serum anti-gp120-specific antibodies after boosting. 
mean ± SE n = 4 – 6; *P < 0.05, ***P < 0.001. Representative of 3 experiments.

Figure  5. Experimental design for deletion of BCL6. Cre-ERT2 BCL6fl/fl mice were 
primed with either gp120-encoding DNA or gp120 protein, followed by 2 boosters 
of gp120 protein, as was done for Figures 3 – 4. Some Cre-ERT2 BCL6fl/fl mice also 
received 5 i.p. injections of tamoxifen (T) between the prime and boost injections 
to delete BCL6. Mice were sacrificed 3 d after final injections.
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TFH and GC B cell responses cannot be assessed in humans after 
vaccination. TFH-like cells in the blood have recently been used 
as a biomarker for the TFH response,29 but the exact relation-
ship of these blood TFH-like cells to true TFH cells remains 
unclear.30 One clear advantage of analyzing TFH cells in mice, 
however, is the ability to manipulate the GC response in order to 
alter the antibody response, as we have done in the current study.

In conclusion, the key goal of our studies was to provide 
insight into how DNA priming provides an advantage in the anti-
body response, and here we have pinpointed, for the first time, 
the ability of DNA priming to augment the GC reaction, as well 
as to transiently increase TFH cells. Thus, the improved anti-
body response in a heterologous prime-boost vaccination system 
with DNA priming can be explained by increased TFH and GC 

function. At the same time, we have found that the GC reaction 
appears to limit antibody production in the boost phase. These 
results should prompt a re-evaluation of HIV vaccine design.

Materials and Methods

Mice and immunizations
 Eight to 10-wk-old C57BL/6 mice were obtained commer-

cially from The Jackson Laboratory. Experiments were done with 
mice of both genders, and similar results obtained with both 
genders. BCL6fl/f l mice were previously described17 and mated 
to UBC-Cre-ERT2 mice, which were also acquired from The 
Jackson Laboratory (stock # 007001). In UBC-cre-ERT2 mice, 
a fusion of the cre recombinase gene and the human Estrogen 
Receptor is expressed constitutively under control of the UBC 
gene promoter.31 The floxed BCL6 allele was genotyped as previ-
ously described,17 and the cre-ER allele was genotyped by PCR 
according to the Jackson labs protocol. Mice were bred under 
specific pathogen-free conditions at the laboratory animal facility 
at the Indiana University School of Medicine (IUSM) and were 
handled according to protocols approved by the IUSM Animal 
Use and Care Committee.

Pilot study mice were immunized i.m. with 1 × 109 sheep red 
blood cells (SRBC; Rockland Immunochemicals Inc.) in 100 uL 
of PBS. A codon optimized JR-FL gp120 DNA vaccine construct 
in the pJW4303 vector was used for all DNA-based immuni-
zations, as previously reported.14 Recombinant HIV-1 gp120 
proteins were produced from Chinese Hamster Ovary (CHO) 
cells, as previously reported.14 Mice were immunized i.m. with 
either 100 ug of DNA or 10 ug gp120 protein in ALUM (Sigma-
Aldrich Corp., St. Louis). To prepare the protein/Alum, 30ug 
gp120 protein was absorbed onto 20ul aluminum hydroxide gel 
(Al(OH)3 gel, 13mg/ml) by mixing, followed by a 20 min incu-
bation at room temperature. Protein and Al(OH)

3
 mixtures were 

then spun down at 12 000 rpm for 10 min, the supernatant was 
removed, and the pellet was re-suspended in the final volume of 
DPBS for immunization. Quantitation of protein remaining in 
the Alum precipitate supernatant showed that 75–80% of protein 
was adsorbed to the Alum. For both DNA and protein immuni-
zations, a total of 100 uL was injected, 50 uL per hind leg.

Tamoxifen
 Mice were given i.p. injections of 4 mg Tamoxifen (Sigma-

Aldrich Corp., cat. # T5648) in sunflower seed oil.
Flow cytometry
 All Abs were purchased from eBioscience, BD Biosciences, 

or Biolegend. Total spleen cells were incubated with anti-mouse 
CD16/CD32 (Fcγ receptor) for 20 min, followed by surface stain-
ing for the indicated markers. A viability stain (eBioscience) was 
used to gate out dead cells. The following antibodies were used 
to analyze B cells: Phycoerythrin (PE) labeled anti-mouse B220 
(BD Biosciences); biotin-labeled anti-mouse Fas (BD Biosciences) 
+ streptavidin-labeled PE-Cy7 (Biolegend); Allophycocyanin 
(APC)-labeled GL7 (BD Biosciences); Fluorescein isothiocya-
nate (FITC)-labeled Peanut Agglutinin (PNA; Vector Labs Inc.); 
PE-labeled anti-mouse CD38 (eBioscience); PE-Cy7-labeled 

Figure 6. Germinal centers are lost with deletion of BCL6, yet antibody 
titers increase. Cre-ERT2 BCL6fl/fl mice were immunized as in Figure 5 and 
sacrificed 3 d after final protein booster immunizations. Some mice were 
given tamoxifen injections between prime and boost immunizations to 
delete BCL6. (A) TFH cells (gated as in Fig.  2) in spleen of mice either 
untreated or given i.p. tamoxifen injections before boosting. Percent of 
total spleen. n = 3 – 4; mean ± SE. Representative flow plots of each treat-
ment condition are also shown. (B) GC B cells (gated as in Fig. 2) in spleen 
after prime-boost regimen with representative flow plots of each treat-
ment condition. Percent of total spleen. n = 3 – 4; mean ± SE. (C) Serum 
anti-gp120-specific IgG titers and avidity of anti-gp120-specific antibod-
ies after boosting. mean ± SE n = 3 – 4; *P < 0.05, **P < 0.01, ***P < 0.001
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anti-mouse CD73 (eBioscience). The following antibodies were 
used to analyze T cells: Alexa Fluor 700 labeled anti-mouse 
CD3 (BD Biosciences); PE-Cy7-labeled anti-mouse CD4 (BD 
Biosciences); PE-labeled anti-mouse CD44 (eBioscience); FITC-
labeled anti-mouse CD62L (BD Biosciences); PerCP-eFluor 
710-labeled anti-mouse CXCR5 (eBioscience); APC-labeled 
anti-mouse PD-1 (Biolegend); FITC-labeled anti-mouse ICOS 
(BD Biosciences).

B and T cell analysis
TFH cells were identified by the following strategy: identify 

% CD4+ CXCR5+ double positive T cells within the total spleen 
population, then identify % ICOS+ PD-1hi double positive cells 
within the CD4+ CXCR5+ population. The % TFH of total 
spleen = (% CD4+ CXCR5+ T cells) × (% ICOS+ PD-1hi double 
positive cells). GC B cells cells were identified by the follow-
ing strategy: identify % B220+ Fas+ double positive cells B cells 
within the total spleen population, then identify % PNA+ GL7+ 
B cells within the B220+ Fas+ double positive cells B cell popula-
tion. The % GC B cells of total spleen = (% B220+ Fas+ cells) x 
(% PNA+ GL7+ double positive cells).

Antibody quantitation analysis
 Antibody titers of gp120-specific IgG were measured by 

ELISA as previously reported.13 Antibody avidity was measured 
via the NaSCN displacement method, as previously described.13

Statistical Analysis
All data analysis was done using SPSS Statistics 20 software. 

Unless otherwise stated, ANOVA with Tukey post hoc analysis 
was used. Only significant differences (*P < 0.05, **P < 0.01, ***P 
< 0.001) are indicated in Figures.
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